I. INTRODUCTION
Magnetostructural phase transitions are of considerable interest to the research community in both basic and applied scientific areas due to the recognition that selected materials in the vicinity of these transitions have the capability of providing exceptionally large functional effects in response to small excursions in magnetic field, temperature, and strain. [1] [2] [3] These transitions comprise simultaneous magnetic and structural phase changes of an abrupt and hysteretic nature, emphasizing strong coupling between the spins, orbitals, and lattice of a given system. Magnetostructural transitions are thermodynamically first-order and thus produce a discontinuity in the first derivatives of the Gibbs free energy G(T,P), where T is the temperature and P is the pressure of the system. It is envisioned that magnetostructural materials may have significant potential for technological, environmental, and economic impact as they can be incorporated into a wide array of magnetic devices ranging from actuators 4 to networked environmental sensors for energy harvesting 3 and for energy management. 5, 6 Based on theoretical predictions, 7, 8 it is recognized that in addition to modification of extrinsic variables-temperature (T), pressure (P), and magnetic field (H)-reduction of the characteristic dimensions of the system via nanostructuring may also provide an alternative route for engineering magnetostructural phase transitions in functional materials systems. In this work, FeRh serves as a test bed to explore the effects of nanostructuring on the magnetostructural response. In its bulk form, the near-equiatomic phase of Fe 1 À x Rh x (0.47 x 0.53) has a cubic B2 ((CsCl)-type) crystal structure that exhibits an abrupt antiferromagnetic (AFM) to ferromagnetic (FM) transition with heating to T $ 350 K, 9 accompanied by a unit cell volume increase of 1%. 10 Giant magnetoresistance, 11 giant magetocaloric, 12 and giant volume magnetostriction 13 effects have been reported in this compound, with the magnetostructural transition driven by a multitude of physical inputs such as pressure, [12] [13] [14] [15] [16] magnetic field, 16, 17 and temperature. 18 Further, the FeRh magnetostructural transition temperature is reported to be sensitive to addition of transition-metal and noble metal impurities. 17, [19] [20] [21] Although extensive research has been carried out on bulk and thin film forms of FeRh, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] limited work has been performed on nanoscaled FeRh systems. [24] [25] [26] Previous reports indicate that chemically synthesized FeRh nanoparticles of controlled composition and size (4-20 nm, Ref. 26) undergo a hysteretic magnetic transition at around T t (H ¼ 1 T) $ 320 K; this transformation is very broad, a feature that may be attributed either to reduced particle size or to surface oxidation effects. Furthermore, it is noted that attainment of the ordered CsCl phase in the chemically synthesized FeRh nanoparticles is inconclusive. To date, the relationship between the structural and magnetic properties of FeRh systems with nanoscale dimensions remains unclear.
In the current work, effects of nanostructuring on the magnetostructural transition of near-equiatomic Fe 1 À x Rh x alloys are examined through the synthesis of a rapidly solidified alloy of composition (FeRh) 5 Cu 95 . Since the elements Fe and Rh have very limited solid solubility in Cu, 27, 28 it was hypothesized that non-equilibrium synthesis of (FeRh) 5 FeRh precipitates in a Cu matrix upon moderate annealing. Indeed, as shall be demonstrated, characterization of rapidly solidified and annealed ribbons of this study confirms attainment of nanoprecipitates ($10-15 nm diameter) that are crystallographically coherent with the coarse-grained Cu matrix. Significantly, these nanoprecipitates exhibit a L1 0 (CuAu 1)-type structure, instead of the anticipated B2 (CsCl)-type structure found in bulk FeRh. A thermally hysteretic magnetic transition, remarkably similar to the magnetostructural transition of bulk CsCl-type FeRh reported at T t ¼ 370 K, is observed in the nanostructured material at 130 K. Broadly speaking, these results highlight the potential for tailoring magnetostructural transitions by nanostructuring.
II. EXPERIMENTAL DETAILS
A phase-separated system of coherent nanoscaled FeRh precipitates ($10-15 nm diameter) embedded in a Cu matrix was synthesized via rapid solidification and subsequent annealing of a pre-alloyed, arc-melted charge of nominal atomic composition (FeRh) 5 Cu 95 (99.99% purity). Rapid solidification was carried out by melt-spinning in an Ar atmosphere with a tangential quenching wheel speed of 31 m/s. The resultant ribbons were $3 mm wide and $100 lm thick, with lengths >2 cm and highly reflective surfaces. Isochronal annealing for 30 min was carried out in a tube furnace in the temperature range 100 C T 800 C at intervals of 100 C. To avoid oxidation during annealing at high temperatures as well as to foster consistent magnetic measurements, 20-40 mg samples were sealed and measured in vitreous silica tubes (3 mm o.d., 1.8 mm i.d.) in a nominal vacuum of 1 Â 10 À6 Torr. 29 For comparison purposes and to facilitate identification of the magnetic phases in the (FeRh) 5 Cu 95 nanocomposite, control samples consisting of melt-quenched ribbons of Cu containing dilute amounts of Fe or Rh were also synthesized, annealed, and measured under the same conditions. The nominal compositions of the control samples were Cu 98 Fe 2 and Cu 98 Rh 2 .
Correlations between the crystallographic character and the magnetic response of these metallic ribbons were studied using several structural and magnetic probes. Scanning electron microscopy energy-dispersive X-ray spectroscopy (SEM-EDS) was used to confirm the chemical composition and homogeneity of the rapidly solidified ribbons in their asquenched state. The structural properties of the as-quenched and annealed ribbons were examined with standard laboratory Cu Ka X-ray diffraction (XRD) and transmission electron microscopy (TEM-JEOL 2010 TEM operating at 200 kV). TEM sample preparation was accomplished by mechanically polishing the melt-spun ribbons to a thickness of $10 lm, followed by ion milling to perforation using a Gatan Precision Ion Polishing System (PIPS) operated at 5 kV. A least-squares fit was applied to the XRD data to estimate lattice parameters. 30 The magnetic behavior of the system was investigated by superconducting quantum interference device (SQUID) magnetometry in fields up to H ¼ 5 T and temperatures in the range 2 K T 400 K in both zero-field-cooled (ZFC) and field-cooled (FC) conditions.
III. RESULTS

A. Structural attributes
The chemical homogeneity and composition of rapidly solidified (FeRh) 5 Cu 95 , Cu 98 Fe 2 , and Cu 98 Rh 2 ribbons were confirmed using SEM-EDS. In all samples, no crystalline phases other than face-centered cubic (fcc) Cu with a slightly expanded lattice parameter, a ¼ 3.620 6 0.001 Å (relative to the standard Cu lattice parameter of a ¼ 3.615 Å (Ref. 31)) was observed using laboratory XRD. However, TEM studies indicated that the microstructure of the annealed (FeRh) 5 Cu 95 ribbons consists of micron-scale polycrystalline grains containing nanoscale ($10 nm) precipitates, shown in Fig.  1(a) . TEM selected-area electron diffraction (SAED) patterns taken along the ½1 10 zone axis show the presence of Bragg reflections arising from both the matrix and the precipitates, shown in Fig. 1(b) . The TEM SAED pattern of the matrix indexes to a fcc structure consistent with the XRD data. Intriguingly, instead of the expected B2 (CsCl)-type structure found in bulk FeRh, diffraction information obtained from the nanoprecipitates is consistent with the L1 0 (CuAu 1)-type crystal structure with lattice parameters a ¼ 4.32 Å and c ¼ 4.20 Å . The lattice parameters of the L1 0 -ordered precipitates are estimated to have accuracy of 2%-3%, 32 resulting in an estimated error on the order of 0.13 Å . The L1 0 -ordered structure in the precipitates was determined through the appearance of superlattice reflections in the SAED pattern. In Figure 1(b) , the L1 0 -reflections corresponding to the precipitate phase are clearly marked. Expectedly, the intensity of the super lattice reflection from the {110} plane of the L1 0 -ordered FeRh phase is weak. 32 A definite orientational relationship is observed between the Cu matrix and the precipitate phase: <110> Cu //<110> FeRh for directions and {001} Cu //{001} FeRh for planes. It is to be noted that the L1 0 (CuAu 1) crystal structure is an ordered crystallographic derivative of the face-centered tetragonal (fct) crystal structure, where four of the tetragonal unit cell faces are occupied by one type of atom and the corner and the other faces are occupied with the second type of atom. The relationship between the B2 and L1 0 crystal structuresalso known as a Bain correspondence 33 -is shown schematically in Fig. 2 . In Fig. 4 , the ZFC and FC temperature-dependent magnetization curves of as-quenched and annealed (FeRh) 5 40 the overall paramagnetic susceptibility (v tot ) can be described by the sum of Curie-Weiss-type susceptibility (first term) and temperature-independent Pauli paramagnetic susceptibility (second term)
where C is the Curie constant, h is the paramagnetic Curie temperature, and v pp is the temperature independent Pauli paramagnetic susceptibility. A fit to the data obtained from the as-spun material using Eq. an expanded view of the zero-field-cooled temperaturedependent magnetization curve for (FeRh) 5 Cu 95 ribbons annealed to 500 C is shown. The paramagnetic background of the annealed (FeRh) 5 Cu 95 ribbon was obtained by fitting the M(T) data in the temperature range 10 K T 90 K to Eq. (1). From Fig. 5(b) , it is clear that the temperature dependence of the magnetic moment of the annealed (FeRh) 5 Cu 95 ribbons after subtraction of the paramagnetic contribution is remarkably similar to the magnetostructural phase transition trend observed in equiatomic FeRh at T t $ 350 K (antiferromagnetic-to-ferromagnetic phase transition). 15 As shown in Fig. 6(a) , under an applied field of 100 Oe, a reproducible hysteresis width of $8 K is observed in the field-cooled temperature-dependant magnetization curve of (FeRh) 5 Cu 95 ribbons annealed at 500 C. It is to be noted that thermal hysteresis is a characteristic feature of first-order magnetostructural phase transformations. Fig. 6(b) shows that the net magnetization of the (FeRh) 5 Cu 95 ribbons at the transition increases upon annealing to higher temperatures, with an increased apparent Curie temperature.
At higher temperatures (T ! 200 K), field-dependent magnetization measurements indicate a co-existence of paramagnetic and ferromagnetic phases. Figure 7(a) shows the development of the field-dependent magnetization behavior of the (FeRh) 5 Cu 95 ribbons as a function of annealing temperature. Annealing at higher temperatures increases the saturation magnetization (M s ) of the ferromagnetic phases while decreasing the susceptibility (v) of the paramagnetic phase, as shown in Fig. 7(b) .
It is important to note that unlike the Cu 95 (FeRh) 5 À7 emu/g at room temperature. 37 
IV. DISCUSSION
Nanoprecipitates of FeRh ($10 nm) were synthesized via heat treatment of a rapidly solidified phase-separated system of overall composition Cu 95 (FeRh) 5 . Characterization of the Cu 95 (FeRh) 5 ribbons using structural and magnetic probes indicates that the properties of the FeRh nanoparticles obtained in this study differ significantly from those of bulk FeRh. In bulk form, FeRh possesses a cubic B2 (CsCl-type) crystal structure that exhibits an abrupt and hysteretic magnetic transition (AFM ! FM on heating) at T $ 370 K. 9 However, the FeRh nanoparticles ($10-14 nm diameter) synthesized in the present study are found to have an L1 0 (AuCu I type) crystal structure and exhibit a sharp, hysteretic magnetic transition at T $ 130 K.
In Table I , the lattice parameter values of the L1 0 -ordered FeRh nanoprecipitates obtained in this study are reported along with those of related intermetallic compounds, namely, L1 0 -ordered FePt and FePd. Although the lattice parameters of the L1 0 FeRh nanoprecipitates are greater than those of FePd and FePt, the lattice distortion (as quantified by the c/a ratio of L1 0 structure) is comparable. The L1 0 phase of FeRh has previously been reported in near- stoichiometric bulk FeRh alloys subjected to mild cold working 38, 39 and in chemically modified bulk alloys of composition FeRh 1 À x M x (M ¼ Pt, Pd, x > 0.2). 20, 21 As schematically depicted in Fig. 2(b) , this metastable L1 0 phase is recognized as a stress-induced martensitic phase that may be obtained from the B2 crystal structure by twinning along the (110) plane followed by a lattice distortion along the c-axis. 34 At the current time, the existence of the L1 0 -ordered phase in the nanostructured FeRh system is tentatively attributed to combination of two effects: (a) interfacial strain derived from the coherent relationship between the FeRh precipitates and the fcc Cu matrix (Fig. 1(b) ) and (b) chemical modification due to the postulated inclusion of Cu in the FeRh nanoprecipitates. It is speculated that the fcc crystal structure of the Cu matrix serves as a template for the stabilization of the L1 0 structure in the FeRh nanoprecipitates.
Temperature-and field-dependent magnetization studies of rapidly solidified (FeRh) 5 Cu 95 ribbons indicate the existence of a complex multiphase state that includes spin-glass, ferromagnetic and paramagnetic phases. The paramagnetic and spin-glass phases in the (FeRh) 5 Cu 95 ribbons are ascribed to the formation of a dilute metastable solid solution of Cu(Fe) upon rapid solidification. 35, 36 The temperatureindependent component of the paramagnetic phase (v pp ) is largely attributed to the Cu matrix. 40 As noted from Table II , the decrease in the Curie-Weiss constant (C) and increase in the Pauli paramagnetic susceptibility (v pp ) with increasing annealing temperature are indicative of the changing microstructure of (FeRh) 5 Cu 95 ribbons upon annealing. It is proposed that annealing fosters precipitation of FeRh-based nanoparticles as suggested by the increase in saturation magnetization of the ferromagnetic phase and decrease in susceptibility of the paramagnetic phase in the (FeRh) 5 Cu 95 ribbons with increased annealing time and temperature (Fig. 7) . Two observations obtained via magnetic characterization of the (FeRh) 5 Cu 95 ribbons strongly support the conclusion that the nanoprecipitates are indeed comprised of FeRh: (1) the remarkable similarity between the hysteretic magnetic transition at T ¼ 130 K observed in annealed (FeRh) 5 Cu 95 ribbons and the magnetostructural phase transition response of bulk FeRh alloys at T $ 350 K (Fig. 5(b) ) and (2) the conspicuous absence of a low temperature magnetic phase transition in the annealed control samples (rapidly solidified Cu 98 Rh 2 and Cu 98 Fe 2 ribbons).
It is reported that bulk FeRh alloys subjected to mild cold working simultaneously exhibit the L1 0 FeRh phase, the chemically ordered B2 FeRh phase, and the chemically disordered fcc FeRh phase. 38, 39 The existence of the magnetostructural phase transition in the pure L1 0 FeRh phase has not, to date, been confirmed in the literature. However, a reduced first order magnetic phase transition temperature has been reported in L1 0 -type ordered chemically modified alloys of FeRh 1 À x Pt x alloys (0.72 x 0.81) 18 
. It is to be noted that the FeRh nanoparticles synthesized in this study also demonstrate a significant reduction in the magnetostructural transition temperature (DT t ¼ T t Bulk FeRh À T t Nanostructured FeRh $ 220 K).
V. CONCLUSIONS
The experimental evidence presented here indicates that in addition to the extrinsic variables (temperature, pressure, and magnetic field), nanostructuring may also provide a potential route for controlling magnetostructural phase transitions in functional materials systems. Nanoprecipitates of FeRh ($10 nm) were synthesized via thermal annealing of a rapidly solidified alloy of nominal atomic composition (FeRh) 5 Cu 95. These FeRh nanoprecipitates exhibit a L1 0 (CuAu 1)-type structure, instead of the anticipated B2 (CsCl)-type structure found in bulk FeRh. A thermally hysteretic magnetic transition, remarkably similar to the magnetostructural transition of bulk CsCl-type FeRh reported at T t ¼ 370 K, is observed in the nanostructured material at T ¼ 130 K. This result emphasizes the sensitivity of the magnetic and structural properties of FeRh to changes in microstructural scale. To further confirm the crystal structure of the FeRh precipitates, particularly in the vicinity of the 130 K magnetic transition, and to understand the influence of interfacial strain on the magnetostructural response of the FeRh nanoprecipitates, future work aimed at advanced structural and chemical characterizations of the (FeRh) 5 Cu 95 ribbons using temperature-dependant synchrotron X-ray diffraction, high-resolution transmission electron microscopy (HR-TEM), and electron energy-loss spectroscopy (EELS) is planned.
